Abstract -Two aspects of the mechanisms of the reactions of metal complexes in nonaqueous solutions are discussed in this paper. Firstly, the contribution made by sturlies in non-aqueous solvents, and in particular dipolar aprotic solvents, to the understanding of the mechanisms of substitution reactions at transition metal centres is considered. Secondly, the mechanisms of electron transfer reactions between transition metal centres are discussed with particular reference to recent work on the role of the solvent.
THE SUBSTITUTION REACTIONS OF TRANSITION METAL COMPLEXES
It is helpful to an understanding of these substitution processes to discuss why it is that dipolar aprotic solvents have had a smaller impact on the study of transition metal substitution kinetics than on similar sturlies in carbon chemistry. The value of the dipolar aprotic solvent to the understanding of the chemistry of carbon has derived from the importance of the bimolecular processes of substitution. In the bimolecular mechanisms the rate of nucleophilic attack by an anionic nucleophile shows a first order dependence on the concentration of the nucleophile, and the rate in any solvent is directly proportional to the activity of the nucleophile:1n the solvent. Thus anions, which have activities most characteristically dependent on transfer from protic to dipolar aprotic solvents, have rates of nucleophilic attack which can vary dramatically with the nature of the solvent.
The dependence of such rates on solvent characteristics is now well understood and was most elegantly expressed by my Australian colleague, Prof.A.J.Parker in his important review in 1969 (Ref.J). In simple terms, Parker showed that small anion~hard in the Pearson sense (Ref. 2) , had greatly increasedrates of bimolecular nucleophilic attack in dipolar aprotic solvents compared with protic solvents mainly because of the hydrogen bonding contribution to solvation of these anions in the latter solvents. Provided the changes in the solvation of the attacked substrate and the transition state are not important in comparison with these changes in anion solvation, differences in rate of as much as 106 fold can be found for bimolecular nucleophilic attack by say chloride ion in dimethylacetamide (DMA) compared with the rate in methanol, being faster in dimethylacetamide. Large polarizable anionic nucleophiles, soft in the Pearson sense (Ref. 2) , do not show this tendency, indeed their reactions are often slower in dipolar aprotic solvents because these ions are better solvated in these media.
Unimolecular processes in carbon chemistry can also show marked solvent dependence particularly in those cases where considerable charge separation occurs in the transition state and thus the departing anion can manifest a good deal of its separate ion character. In such cases, if the departing ion is for instance the ·chloride ion, the reaction is significantly faster in a protic solvent compared with an aprotic solvent because of the magnitude of the hydrogen-bonding contribution to the solvation of the chloride ion in the protic medium (ref.
This type of observation has not only led to greater understanding of mechanism and of the description of the transition states but also to advances in organic preparative chemistry where the dependence of rate and yield on the nature of the solvent has been of immeasurable importance to both industry and the preparative chemist, What is it about the Substitution reactions of transition metals that to date has led to a much smaller contribution from the properties of solvent transfer?
The first general feature of Substitution kinetics at metal centres which contrasts with organic chemistry is the overwhelming importance of solvolytic reactions. Even in systems where the reaction can be seen as ligand for ligand substitution a solvolytic process is often involved. For example, the isomerization of ais- [CrClzenz] + to trans-[CrClzenz]+ in dimethylformamide (DMF) in the presence of chloride ion is more accurately described as a solvolysis to form ais-[CrCl(DMF)enz] 2 + followed by chloride ion re-entry (Ref.
3).
The rates of these processes are remarkably solvent independent whether they are solvolysis reactions (e.g.(J)), solvolysis controlled substitution processes (e.g.(2)) or substitution processes in which the role of the solvent cannot be easily determined (e.g. (3) The transition state is clearly not closely related in character to the reactant complex (log H20y(CH~)2SO • 1.1) but behaves as one would expect a well developed dissociative transitiofi 0 Wtate consisting of the free Br-ion and a large neutral complex for which a value of log H20y(CH3)2SO of -1.4 is very reasonable. This particular system is one for which a dissociative mechanism has been established on other grounds and the application of solvent transfer activity coefficients was an interesting execdSe but contributed little new knowledge on mechanisms. The characteristic of this reaction, which·allowed the successful application of solvent transfer activity coefficients, was the anionic character of the complex which led to a free anion and a residual neutral species on dissociation. In this reaction the change of rate on solvent transfer is dominated by the relatively large change in activity of the dissociated bromide ion because the free energies of the other species are not greatly affected by transfer from (CH 3 ) 2 so to H 2 0.
In the metal system where the greatest contention remains concerning the nature of the rate determining steps, in particular in the chemistry of cobalt(III) and chromium(III) -amine complexes, the complexes are normally cationic. In most cases the transition state and in many cases the products are an anion and a complex residue which is cationic of charge one unit higher than the reactant complex. The compensation of changes in the solvation of leaving anion groups by changes in solvation of the cationic residue results in dissociative~tes which are relatively solvent independent and thus solvent transfer studies are not a easy answer to mechanistic enquiry. This contrasts with the case of carbon chemistry where the changes in anion solvation often dominate changes in rate. Since transition metal syste~s are further complicated by the possibility of rate control by bimolecular solvolysis, as emphasized above, rate studies either at one temperature, or a range of temperatures, yielding activation enthalpies and entropies have proven indecisive in the interpretation of mechanisms.
In systems where the primary reaction is solvolysis, it might have peen hoped that the transition state could be identified by studying the kinetic features of the reverse anion entry reaction, for example (Ref. 
DMF
The kinetic form of these reactions is not simple because ion association pre-equilibria lead to kinetics of mixed order. In almost all cases the reactions are second order at low bromide ion concentration. On the other hand, concentration independent rates are found at high bromide concentrations where the complex ion is totally ion associated. These ion association pre-equilibria not only affect the kinetic form of these anion entry reactions but also affect the steric course of substitution. These fast pre-associations are a most important feature of the substitution in metal complexes in dipolar aprotic solvents and their study has produced interesting information for the solution chemist. However, these same ion aggregation reactions have often prevented the unambiguous assignment of the mechanisms of the act of substitution.
In the simple case where the complex is involved in only one significant pre-equilibrium the mechanism can be represented by
where k is the ~ate constant for the interchange of a bromide ion from its position in the first sphere of solvation into the co-ordination sphere. Langford and Gray have described these processes and differentiated between associative (Ia) and dissociative (Id) acts of interchange (Ref.l7). The experimentally determined rate constant (kexp> can be resolved to yield both k and Kip using. . At least it is quite clear that the kinetically important aggregate is the same species recognised by these other techniques and by pmr measurements made on the nitrogen protons of the ethylenediamine ligands. Although these observations are interesting they tell us very little that is new about ion association phenomena and certainly do little to help resolve the nature of the Substitution act. However, I believe that studies of this type will greatly contribute to our understanding of interionic reactions in solution and in particular, to the importance of structural relationships between the co-ordination sphere and the first sphere of solvation. For simple labile metal cations these regions are normally referred to as the first and second spheres of solvation.
The actual site occupied by the bromide ion in the aggregate, although unimportant in the simple observation of rate is of primary importance in determining the steric course of the substitution process. In the reaction described above the steric course of Substitution is found to be bromide ion concentration dependent even when the rate has reached its asymptotic limit. The results clearly confirm that once the one bromide ion is present in the first solvation sphere of the complex a maximum rate of substitution is established. This rate approximates to the rate at which the complex exchanges solvent in the absence of bromide ion, and confirms that the presence of only one bromide ion in the first sphere of solvation is sufficient to guarantee that bromide ion entry follows a dissociative act in breaking a Co -DMF band.
In cantrast however, the presence of the second bromide in the solvation sphere, that is the existence of the ion-triplet species, is registered by the increase in the ratio of ais-[CoBr2en2J+ to trans-[CoBr2en2J+ in the product. It is an inescapable conclusion that interchange in the ion-pair favours the ais-product while the ion-triplet favours the complex. It must be emphasized that this is a kinetic phenomenon and is additional to the well established increased thermodynamic stability of ais-[CoX 2 en 2 J+ and ais-[CrX2en2J+ ions compared to their trans-isomers at high x-concentration which owes its origin to the substantially higher ion association constants of dipolar ais-isomers compared with the analogaus trans-ions (Ref.l9&20) (e.g. for Cr when X= Cl-, Kip~~ = 291 and Kip (trans)= 25 in DMSO).
These results suggest that in the first solvation sphere of octahedral complexes there are specific sites which for an anion are of significantly lower free energy and that these sites are filled in stepwise equilibria. Figure 2 The nature of these specific sites, which are a simple extension of the structure of the coordination sphere into the first solvation sphere are a reflection of the charge, the dipole moment and hydrogen-bonding interactions. The role of these hydrogen-bonding forces are most easily seen in the ion aggregation in dipolar aprotic solvents, where the anions are relatively poorly solvated (Ref.l), and the anions compete for hydrogen-bonding sites on the complex with the solvent molecule. Such specific interactions lead to ion association constants which are highly solvent dependent even with groups of solvent which are of similar dielectric constant, E (Table 1) . 
) competes more favourably with the chloride ion for the favoured site than do the other solvents DMF and DMA. The low result in CH30H is complicated further by the H-bonding interaction between the chloride ion and the solvent.
The nature of the site in the above system has been defined by pmr studies (Ref.l9) which clearly show that two nitrogen protons, those trans to the ais chloro-ligands and along the octahedral edge trans to the edge occupied by these chloro-ligands, are more deshielded in the ion pair and as a result their absorption is shifted to lower fields. It is thus clear that at least for these ais-complexes hydrogen bonding between the ligands in the co-ordination sphere and ions in the solvation sphere is an extension of the metal centred structure and produces marked kinetic and thermodynamic consequences.
The results described above are not new but serve to emphasize structural relationships in solution which are often forgotten. Too little attention has been paid to structure outside the co-ordination sphere, not only in non-aqueous solvents but also in water. Much of the early work on inorganic reaction mechanisms concentrated on the steric course of aquation and base hydrolysis reactions. Almost all attempts to rationalize these results were dependent on discussions of the relative stabilities of transition states in which the reactant, in a structural sense, was seen to be only the metal and its co-ordination sphere. It must be remembered that in all these systems the nucleophile is the solvent water and that the solvation sphere water is as much a part of the reacting structure as the co-ordination sphere. Certainly the extended structure either through the nitrogen protons on ethylenediamine ligands, or through hydrogen-bonding of solvent to ligands such as carbonate, chloride or nitrite must influence steric course. The weakness of ion association in these systems in water, is not only a function of the anion solvation but is also due to occupation of structural sites in the solvation sphere by water molecules in an acceptor role. In addition to this general effect of solvent deshielding it was found that the most strongly deshielding solvents discriminated more si&nificantly between equatorial (eq) and a:ltial (ax) nitrogen protons, expressed as ~6NH=6NHeq-6NHax· In respect to this discrimination the order iS py > DMA ~ (CH 3 ) 2 So > DMF > CH 3 0H > THF > (CH 3 ) 2 CO > SUL > CH 3 CN
The differences which occur between the order for general deshielding and the discrimination order are accounted for in terms of specific steric effects.
The above was studied using tetraphenylborate salts which show no evidence for ion association. However both chloride and bromide salts showed strong interactions between these ions and the nitrogen protons indicating strong ion association. It was found that there was insignificant discrimination between equatorial and axial protons in this respect. This contrasts with the behaviour of the ais-complexes discussed earlier where the dipole moment of the complex leads to significant discrimination between protons in the ion pair.
For aprotic solvents the chloride ion had a significantly larger deshielding effect than the bromide while the reverse was true in protic solvents. This is consistent with previous studies of ion association (Refs. 19, 20, 28) for complex ions ofthistype and reflects a greater hydrogen-bonding component in the solvation of chloride ion in protic solvents, and better solvation of the more polarizable bromide ion in dipolar aprotic solvents.
The magnitude of the solvent induced circular dichroism is shown in Figure 4 in which the high energy 1Alg~IA2g Cotton effect shows a progressive change from a positive rotational strength in pyr1dine Eo a negative rotational strength in sulpholane, in the order: This effect is due to the development of asymmetric nitrogen donor groups through the preferential solvation of the N-Heq compared to the N-Hax• The preferential solvation of the equatorial nitrogen proton with S configuration can be related to asymmetry in the related complexes with the ligand (S)-N-methyl-(R)-propane-1,2-diamine where the methyl group adopts the preferred equatorial orientation.
All this work although secondary to the substitution studies that introduced it gives a new perspective to our understanding of the structural relationship between the co-ordination sphere and the solvation sphere of metal complexes and the imp.ortant role of the hydrogen bond. I believe strongly that information which will be gained from further studies on these systems will lead to a greater understanding of the extended ion centred order in the solvation of simple metal cations where the only difference in principle is the lability of substitution in the first sphere.
ELECTRON TRANSFER REACTIONS OF METAL COMPLEXES
The two basic mechanisms for electron transfer in metal complex systems have been well established for some years (Refs. [29] [30] [31] . The first, the outer sphere mechanism, requires a close approach of the two complex ions followed by electron transfer between orbitals of the complex, the co-ordination spheres remaining intact until electron transfer occurs. The dependence of the rate of electron transfer on the nature of the solvent was treated initially by Marcus (Ref.32) . The solvent effects on these reactions can be accounted for in terms of coulombic energy and entropy changes derived from outer sphere re-organization. The majority of the work an these reactions has been confined to aqueous solution and the small amount of the work in non-aqueous solvents produced little interest because neither the rates of reaction nor the kinetic forms were sensitive to solvent change. However, many important features were missed because of concentration an alcohols as alternative solvents (Refs. [29] [30] [31] [33] [34] [35] and the preoccupation with ratesrather than activation enthalpies and entropies. More recent work in dipolar aprotic solvents shows that many of the features which had been postulated from studies in water are confirmed beyend question for non-aqueous systems. In particular, the greater stability of the bridged intermediates allow confirmation of their existence by observation of their spectra (Ref. 36 ). These studies have led to stereochemical information about these precursor complexes by careful studies of ~H*, ~S* and ~V*(Refs.l3,36-39). Table 2 summarizes the available data for the reduction of a series of CoX(NH3)5 2 + species by iron(II) in three solvents. This work has since been extended to X= N 3 and NCS (Ref. 40) which behave similarly to X = Br and Cl, contrasting markedly with the fluoro-system. The X = F system transfers from water to (CH 3 ) SO and DMF with an increase in rate, largely from a decrease in activation enthalpy but w~t~ little change in the negative ~-100 JK-1) entropy of activation. In cantrast the X = Br and Cl systems show very little solvent induced change of rate at 25°C but extraordinarily !arge changes in 6H*and 6S*. Compared with water 6H* is increased by ~30 kJ and the 6S* becomes morepositive by -·100 JK-1 • Our interpretation of these results is to account for these massive changes in activation parameters in terms of a change in the stereochemistry of iron atom in the precursor complex. Figures 5 and 6 illustrate the two models showing that in those cases with more positive 6S* the iron(II) atom is tetrahedral in the precursor complex. In the tetrahedral case two extra solvent molecules are released in the bridge formation. Work on the solvation of simple ions in (CH 3 ) 2 so (Refs.43& 44) suggests that the entropy change associated with the release of a molecule of (CH3)2SO from the coordination sphere to the bulksolvent is of the order 48 JK-Imol-1, On this basis the anticipated entropy of activation for the tetrahedral case would be more positive by -100 JK-Imol-1 • The activation enthalpy must be greater in such cases because of the need to break two extra meta! solvent bonds although this requirement would be compensated by the reduction of steric crowding araund the iron atom and by solvation of the lost solvent molecules.
More recently we have studied the reduction of ais-[coCl2en2]+ in (CH3)2SO (Ref. 45 ) and these results are compared with the data for the reduction of CoF(NH3)52+ and CoCl(NH3)52+ in (CH3)2SO in Table 3 . Table3) in the formation of the precursor complex ( Figure 7) . If the double chloro-bridge was to exist coupled with tetrahedral co-ordination of the iron(II) atom a value of N = 4 is expected
The entropies of activation in Table 3 provide extraordinarily powerful evidence for double bridged-octahedral structure in Figure 7 in that a change in N from I to 2 yields a more positive 6S* by 60 JK-lmol-l and a change from 2 to 3 produces a change of 56 JK-1 mol-l. "To sum u~, we conclude that the observed changes in k, ~H*, ~S* and ~V* for the reduction of CoX(NH3)5 + (X = F, Cl, Br) by Fe(II) in (CH3)2SO may be explained in terms of the same mechanism as found in water, namely an inner sphere, electron transfer rate determined process. Variations in these parameters are then due to changes in solvation and the introduction of steric crowding rather than changes in the co-ordination number of iron(II)."
We believe that this interpretation places far too much importance on the constancy of ~V* and pays little attention to elegant interpretation of very large changes in ~S*. Since there seems to be no plausible model which could account for these entropy results we question whether there are not limitations in their simple approach to the interpretation of ~V* in these systems.
There is no doubt that a significantly more pos~t~ve ~V* would be expected if there was a change in the stereochemistry of the iron atom resulting in the release of the extra solvent molecules. The question that must be answered is, "If there is a change in stereochemistry for the X = Cl and Br systems, what other significant change in volume occurs which compensates for the release of solvent molecules?" The answer must lie in the difference in volume of the separate octahedral iron(II) complex and the contribution made to the precursor complex by a tetrahedral iron(II) centre.
It is well established that labile first row transition metal ions such as iron(II) and cobalt(II) and ions such as zinc(II), which are octahedral with solvent co-ordination, take on tetrahedral geometry with more polarizable ligands such as I-, Br-and Cl-(Ref. 38) . It is also established that (CH3)2SO can co-ordinate to metals through both the oxygen and sulfur donor groups. We suggest that the change from octahedral iron(II) to tetrahedral iron(II) could easily be accompanied by a change in the mode of co-ordination from oxygen to the more polarizable sulfur donor with an accompanying compaction of the size of the co-ordination sphere of the iron(II) centre. Under these circumstances no increase in ~V~ is expected for the X = Cl and Br cases to correspond with the large increases in ßS*.
Finally, in summary, I hope to have achieved the following in the presentation of this lecture: (I) To have emphasized the need to recognise a metal complex and its reactions as not only a problem of the metal ion and its co-ordination sphere, but as a problem involving a structural unit which contains the second sphere. A recognition of this is not only vital to an understanding of substitution reactions but will also lead to a more enlightened approach to model making in areas such as the solvation of simple metal ions.
(2) To have presented a case for the use of data for ~H*, ~S* and ~V* in a way which will lead to more detailed structural knowledge of reaction intermediates. I must emphasize, even if in the above case I prove to be incorrect, that it is naive to suggest values of av* will always be easier to interpret and more productive of information than values of 6S*.
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